ABSTRACT It is difficult to get robust deformation results using conventional differential interferometric synthetic aperture radar (D-InSAR) method, due to the limitation of the phase measurement error, baseline error, and atmospheric delay in synthetic aperture radar (SAR) interferometry. Persistent scatterer interferometry (PSI) represents a powerful tool to measure mining subsidence, as it offers a synoptic view that can be repeated at different time intervals and at various scales. In many cases, PSI data are integrated with in situ monitoring instrumentation, since the joint use of satellite and ground-based data facilitates the geological interpretation of mining subsidence and allows a better understanding of mining subsidence geometry and kinematics. In this paper, PSI interferometry and conventional ground-based monitoring techniques have been used to characterize and to monitor Ge-Ting mining located in Shandong, China. The PSI technique used in this paper overcomes most of the limitations of conventional interferometric approaches by identifying, within the area of interest, a set of ''radar benchmarks'' (PS), where very precise displacement measurements can be carried out. More than 78 000 PS were identified by processing SAR images acquired from 2004 to 2009 by the ENVISAT. The PSInSAR application at a sub-regional scale detected slow ground deformations ranging from 0 to −58 cm/year and resulting from various processes (swelling/shrinkage of clay soils and water pumping). The results reveal the evolution process of ''bowl'' in mining subsidence and are helpful to the early warning of the mine disaster.
I. INTRODUCTION
Mining trigger Surface subsidence, even leads to regional disasters such as ground fissure, collapses and Pitfalls which severely endanger the safety in production, and brings about a series of questions on the ecological environment aspect. It is highly significant for mine sustainable development to monitor and analyze land subsidence leased by mining, determine the settlement range and control the occurrence of geological hazards [1] - [3] , which provides effective help and experience reference for comprehensive management of the subsidence area. Leveling method, GPS method, measurement robot method and geotechnical engineering sensor method are usually used in land subsidence monitoring [4] - [6] . The abovestated methods each have their own characters, which survey
The associate editor coordinating the review of this manuscript and approving it for publication was Krishna Kant Singh. characteristic points and line to obtain state deformation of study region through data processing and analyzing. But, it is highly cost for macroscopic monitoring land subsidence in the large. The development of InSAR technique provides approaches for dissolved of these problems.
Interferometric Synthetic Aperture Radar (InSAR) and differential InSAR (D-InSAR) techniques [7] , as one of the key spatial techniques of the earth observing system, are rapidly developed in recent decades, which have been widely applied in earth science especially in surface deformation monitoring, such as the monitoring of earthquake [8] , [16] , volcano [9] , mine collapse land subsidence [10] , [17] , landslide and glacier etc., for their all-weather conditions, large coverage, fast reaction and high precision characteristics. The land subsidence is closely related to human activities, which concern the security of human lives and property. So, it is essential to study the theories and methods of the land subsidence monitoring, which has great scientific and practical values for the fine explanation, mitigation and forecasting of geo-hazards.
Aiming to overcome the temporal and spatial decorrelation problems of the conventional D-InSAR technique, time series SAR interferometry techniques such as small baseline subset analysis(SBSA) [10] , interferogram stacking, have been focused on and confirmed success to detect the ground subsidence on the base of the coherent point target (CPT) [9] during the long-time interval. However, these techniques, which cannot be commonly used, are still to be optimized. The environmental differences of the research area might have great impact on data pre-processing [11] . In addition, it is necessary in order to adjust the workflow for different data sources.
Due to the heap of slag and slow deformation over a long time span in the mining area, the conventional D-InSAR method seriously affected by the time decorrelation and the spatial decor relation, making the accuracy and applicability of significantly reduced, is difficult to obtain reliable settlement monitoring results [11] . Besides, large baseline geometry or atmospheric inhomogeneity loss of coherence may occur due to temporal decorrelation. The limitation of D-InSAR method when applied to a mining area with long time earth surface movements will be revealed. For this purpose, to reduce the influence of these aspects, a new approach based on interferometric point target analysis known as persistent scatterer interferometry (PSI) [12] method has been proposed. The concept is in the research area pieces of SAR image selected natural stability target (such as buildings, bridges, levees and dams) or the deployment of artificial corner reflectors (CR), these points with stable phase information, the theory well overcome the geometric decorrelation to coherent and atmospheric effects on the interference signal, and can be isolated from atmospheric phase and deformation phase, obtain the surface deformation of nonlinear evolution process [13] , [14] . The accuracy of the deformation monitoring significantly outperforms the D-InSAR technology and the method for D-InSAR interferometry technology application in mining area provides a new research idea.
Most coal areas are located in the suburbs where manmade objects are too sparse to obtain enough persistent scatterer measurement points. However, exposed soil, sparse vegetation-covered land or debris flow are widely distributed, which can be used as measure points for settlement monitoring. The extraction of underground coal deposits often causes damage to geological structure. mining areas are not only prone to surface subsidence, but also landslides and debris flows. Therefore, from the perspective of safety, it is necessary to monitor the surface movement during and after coal mining activities in order to detect and warn potential and actual geological disasters. In this paper, Ge-Ting coal mine is selected as the research area, deformations in mining region are presented with C-band data, which were gathered in descending paths of ENVISAT images, and PSI method is introduced to study the ground subsidence caused by the exploitation of mineral resources in this area. The time series deformation information is obtained, the spatial and temporal development of the subsidence ''bowl'' in the mining area is analyzed, and evolvement laws of the settlement ''bowl'' are revealed. This study reveals a subsidence rate of −58 cm/year as maximum in Ge-Ting coal mine. PSI technology provides an opportunity to determine the temporal evolution of land subsidence phenomenon with InSAR time series in a suburban area.
II. PERMANENT SCATTERER TECHNOLOGY (PSI)
The Permanent Scatterers (PSI) technique has been developed to detect isolated coherent pixels and tackle the problem of atmospheric delay errors at the expense of a large number of required images and a sparse, pixel-by-pixel based evaluation [13] , [15] . Point targets, not affected by the temporal decorrelation, are recognized by means of a statistical analysis of their amplitude in all available SAR images. The contribution of topography, deformation, and atmosphere can be estimated by carefully exploiting their different time-space behavior. Topography is not dependent of time, but scales linearly with the perpendicular baseline. Deformation is independent of baseline, but is correlated in time. Atmosphere is independent of baseline, uncorrelated in time, but spatially correlated per interferogram.
Given that the N+1 SAR images of the same area of interest are available, data are first coregistered on a common master image which is selected to minimize the dispersion of the normal baseline values of all the interferogram. Then, the N differential interferograms between all SAR images and the master are computed using an already existing DEM, or a DEM estimated from low temporal baseline pairs. When N differential interferograms are available, the residual phase of coherent pixel x in interferogram i without the scatterer phase, which is subtracted during interferometry, is given by
where φ t (x) is the residual topographic phase, φ u (x) is the phase related to the deformation along LOS, φ a (x) is the phase caused by the atmospheric dis-homogeneity, φ n (x) is the thermal noise of the system [18] , [19] . The Permanent Scatterers are identified from the stack of SAR calibration images using amplitude dispersion index considering the scatterers with the low value both on amplitude dispersion index and coherence. When the algorithm of amplitude dispersion index (ADI) proposed by Ferretti [18] is applied to the selection of permanent scatterers, the pixels in the shallow area or in the water area are often selected as PSs because of the low variation of the amplitude in calibration of images [20] , [21] . To remove these pixels from PSs, two criteria are applied; on the one hand, the amplitude dispersion index is below a threshold, on the other hand, the amplitude is above another threshold in at least N 1 images of all the VOLUME 7, 2019 available SAR images.
where m k,i and σ k,i are the mean and the standard deviations of the amplitude value for each pixel on the time scale, D A,thre is the threshold of DAI, A is the threshold of amplitude, and m k,i + σ k,i is the threshold amplitude above which every pixel should be.
For the purpose of deformation extraction, the phase variation between neighboring PS is considered to cancel the different phase offsets among differential interferograms. At the same time, the atmospheric phase is much reduced because of the correlation between the tow closed PSs. Considering the linear deformation, it is possible to retrieve a good estimation of them by adjusting the following phase model to data.
where φ k ij is the phase difference between PS pixel i and j, v ij and ε ij are the increments of deformation velocity and the height error between PS i and j, T k and B k ⊥ are the temporal and normal baselines, respectively, and ω k is the linear residual phase. The model adjustment function, namely the coherence function, is maximized to find the value of v ij and ε ij [22] .
The maximization of r ij is equivalent to finding the bi-dimensional frequency of the complex sinusoid derived from the phase term. This can be accomplished using one of the well-known techniques developed in spectral analysis. Once the values for all PSs are found, the final solution of each PS is obtained through an integration process and the deformation map is also obtained by Kriging interpolation [22] , [23] .
III. EXPERIMENT ANALYSIS A. THE OVERVIEW OF THE RESEARCH AREA
The validity and practicability of the method is verified. In this paper, the Ge-Ting coal mine located in Shandong Province is selected as the research area. the research area has a mining exploitation history of 11 years and is surrounded by a large number of farmlands. With the continuous exploiting in the mining area, coal goaf area has begun to gradually expand, and the land subsidence area is also constantly spreading resulting in the ground collapse (cracks), landslides and other geological disasters, which has a huge impact on the production and development of the mining area and the surrounding environment. Land subsidence in mining area poses a major threat to infrastructure and farmland, causing extensive direct damage. The mining plane of Ge-Ting coal mining area is shown in Figure 1 .
B. THE EXPERIMENTAL DATA
The experiment by the European Space Agency ENVISAT satellite C band radar ASAR sensor from February 2004 to July 2009 and covering the area of 12 SAR images as the data source (see Table 1 ), according to the principle that all interference on the time and spatial baseline are as small as possible, select 20081219 to get the image as the main image, the remaining 11 images as from images were coregistered to the main image and with composition interference image. The ENVISAT satellite precise orbit data provided by Delft Institute of Earth Observation and Space Systems (DEOS). The digital elevation model data (DEM) of the research area is needed to simulate the terrain phase to eliminate the topographic effect of the interferometric phase, as no high-resolution DEM of the research area is available, we made use of DEMs derived from remote sensing datasets freely available on the web. The 90-m DEM derived from the Shuttle Radar Topography Mission (SRTM; http://www2.jpl.nasa. gov/srtm) provides a wellknown and assessed dataset (e.g., [24] - [26] ) (see Figure 2 ).
C. THE EXPERIMENTAL RESULTS ANALYSIS 1) ATMOSPHERIC DELAY ANALYSIS
The atmospheric phase terms are estimated from the residual phases. Discrimination of phase noise from nonlinear deformation is done by considering only spectral components that are low frequency in the spatial dimension and high frequency in the temporal dimension [26] . This is done after the refinement of the baselines as the baseline-related errors would also fall in this spectral category. The correct separation of the atmospheric phase term, the non-linear deformation, and phase noise is not completely possible. The assumptions used in the separation may not be fully valid. To map very fast or very local deformation features the separation criteria need to be adapted accordingly.
The atmospheric delay (tropospheric signal) for an interferogram can be isolated from the secular deformation signal by subtracting the stacked signal. We adopt the optimal sampling strategy for separating the deformation and atmospheric signals from actual set interferograms in this paper. We suppose that the noise in the stacked image will be weakened by stacking N interferograms. Therefore, we stack many interferograms over a long-time span to minimize tropospheric effects and isolate the deformation signal [26] . This will provide us with a broader baseline and time-scale coverage and make it possible to characterize more fully the nature of the tropospheric effect in the region. Atmospheric residuals range from −7 to 7cm, and are independent of the time span between images. We selected this interferogram triplet such that two of the three display common patterns while the third does not so the characteristic atmospheric signal can be isolated to a single SAR acquisition time (Figure 3) .
In Figure 3 , the image (a) and (c) both display atmospheric ''ripples'', which shows that the original image contains some atmospheric delay errors. Atmospheric noises in the residual phase are eliminated after original noisy images (a) and (c) are decomposed by PSI technology. Images (b) and (d) display that atmospheric noises are removed.
2) DEFORMATION ANALYSIS IN MINING AREA
All data were processed with the open source software Doris, which provided estimates of yearly deformation velocity, allowing the analysis of past and recent ground deformation. Time series of ground deformation is ideally suited to define the surface subsidence behavior in mining area, to monitor temporally continuous ground subsidence and to observe kinematic responses to trigger factors. The linear displacement rate map along the line-of-sight (LOS) direction generated from ENVISAT ASAR data over the research area is presented in Figure 2 .
In Figure 4 , it can be known that two main settlement ''bowl'' A and B appear in the research area for the VOLUME 7, 2019 continuous mine exploitation since February 2004, and the maximum deformation rate in part of the research area reached −58cm/yr. LOS deformation velocity<0 cm/yr indicates that the surface deformation movement is far away from the satellite, while LOS deformation velocity >0 cm/yr reflects that the surface deformation moves towards the satellite direction [26] . From light blue to yellow and from deep red to purple, the color grade indicates the increased rate of deformation.
As can be seen from Figure 4 , The average speed of the ENVISAT descending dataset are approximately −20 cm/yr along the satellite LOS, and the peak is recorded in the center of settlement bowl A, up to −7cm/yr. In general, the average absolute velocity of the settlement ''bowl'' B in the mining area is −29 cm/yr, and the biggest settlement value is −58 cm/yr. At the center of the settlement ''bowl'' A, the maximum sedimentation rates have been generally monitored, up to −41 cm/yr. The sedimentation velocities change from the range of −20 to −40 cm/year. This movement is a representative class of the settlement ''bowl'' commonly involving digging and mining in the mining area. Especially, the observed displacements at the top of the mining area are consistent with the downward movement usually observed in rotary sliding: as continuous digging and mining in the mining area, the subsidence center moves from south to north, and the settlement area is obviously enlarged, and the settlement range extends eastward.
From Figure 4 , Two locations of land subsidence were identified, western and eastern of Ge-Ting coal mine. Observed land subsidence can be caused by either natural or anthropogenic possible causes. First, swelling/shrinkage or thawing/freezing of clay soils could lead to land surface subsidence; Secondly, geological structures such as faults may produce similar surface subsidence; Thirdly, hydrogeological conditions such as underground water pumping and seasonal fluctuation may also cause surface land subsidence; Finally, underground cavities related to karst landforms, such as sinkholes, will also contribute to ground subsidence. As argued in this paper, there is good relativity between cavitation and ground water level decline caused by underground mining in coal mines and surface subsidence in the study area.
In order to analyze the area of subsidence area and the development of settlement ''bowl'', the annual settlement accumulation of subsidence ''bowl'' A and B area is selected respectively to analyze settlement changes in the profile in the time series. The scattered point maps of the time series settlement in the range of the settlement ''bowl'' A and the B region are shown respectively in Figure 5 From Figure 5 and 6, it can be known that the subsidence funnel A spanning the time period from 2004 to 2009, whose settlement speed is accelerating, and the maximum cumulative settlement is up to −250cm from July 17, 2007 to July 17, 2009, while in Settlement center of the ''bowl'' A, whose settling rate ranges from −122cm to 270cm. In correspondence with the ''bowl'' A, cumulative settlements of the funnel B center vary from a minimum of −146cm to a maximum of −283cm. According to the current settlement rate, if effective measures are not taken, with the passage of time, the settlement area will continue to expand and thesettlement rate will be accelerated. As time goes on, the scope of subsidence region will continue to expand and the rate of subsidence will accelerate.
3) COMPARATIVE ANALYSIS OF PSI AND LEVELING
In order to verify the results of PSI, we collected the leveling data and PSI data for analysis and comparison Figure 7 shows the time series of deformation along the LOS direction for the points (marked as 'C' and 'D' in Figure 4 ) located close to the study area between According to the satellite heading angle and the incidence angle corresponding to point C and D, the three-dimensional deformation measured by leveling is projected onto the LOS direction, and the rate of displacement of the point C and D measured by leveling is −37.4 cm/yr and −48.7 cm/yr, whereas the corresponding ENVISAT ASAR measured deformation is −39.6 cm/yr and −49.7 cm/yr.
The displacement rate measured by PSI seems to agree well with the rate of displacement measured by leveling. It is possible that the selected reference point in the research area is not perfectly stable which leads to the little difference between the PSI consequences and leveling data. In this study, the PSI results are only compared with the point C and D, more leveling data are required for a more comprehensive verification in the future.
IV. DISCUSSION
The results of this study indicate that the PSI technology has great potential in the field of the deformation monitoring in mines, but the application of PSI technology alone in the field of mine deformation monitoring needs to be carefully evaluated [27] , [28] . Although the PSI technology can overcome some limitations of conventional monitoring technology, such as image inconsistency, atmospheric delay, phase measurement error, etc., but it cannot be replaced with situ measurements [27] .
Because of the geological hazards in the mining area, the stability of the ground reference point cannot be verified, and the reference point chosen is based on the idea that the surrounding area of Ge-Ting coal mine is stable during the image acquisition period. The linear displacement rates derived from the PSI results are relative to the reference point. Considering the technical limitations of return time of satellite, atmospheric delay and intermittent behavior of mining deformation, it is possible to produce the product phase ambiguity for the seasonal pulses, and ultimately displacement will outnumber a quarter of the lambda threshold. Based on the above reasons, qualitative and quantitative integration of external level monitoring data with PSI data can provide good results for mine deformation characteristics. In mining deformation monitoring, an effective combination of PSI monitoring technology and conventional monitoring techniques, which is helpful to improve the accuracy of the coal mine monitoring.
V. CONCLUSIONS
The PSI processing algorithm and subsidence surface linear deformation in the Ge-Ting coal mine extracted from SAR images is discussed in this paper. From time series image analysis results, the subsidence ''bowl'' in the coal mine is found, the subsidence development trend with detailed profile lines in space and time are analyzed, and the development and evolution of the mining subsidence ''bowl'' is revealed, and the analysis of PSI datasets indicates that the maximum-recorded value is about −58cm/yr in the Ge-Ting coal mine area. According to the results of the leveling examining the displacement velocity along the same satellite line of sight, the comparison between the deformation obtained by the PSI techniques and leveling results have been performed. The experimental results indicate that the settlement variation obtained by two different types of technology is consistent.
In this study, the impact on rainfall on PSI monitoring results has not been considered, the time series deformation of slag accumulated in the mine is related to the seasonal trend changes. In particular, continuous rain will cause an increase in the displacement rate observed by PSI technology in rainy seasons, while in the dry season, the displacement rate will decrease. In addition, some factors, such as the inaccuracy of phase estimation error and DEM accuracy, will also affect the measurement results of PSI. How to estimate and separate effectively these errors, and obtain more reliable absolute deformation results in the PSI data processing, which will need to be done in the next step.
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